Aiming at a Top Gas Recovery Turbine Unit (TRT) with double support rotor and the extending disk end, theoretical and experimental analysis about influence of cylindrical bearing and four-lobe bearing on vibration of TRT rotor system are conducted in this paper. The results indicate that vibration of the rotor supported by cylindrical bearing is more stable than that supported by four-lobe bearing at the driving end (DE) and the nondriving end (NDE). The amplitude of rotor is supported by both of these types of bearing increases as the speed increases at the NDE, while the amplitude of the DE remains unchanged. Comparing with the result of theoretical analysis, the practical test results are more consistent with the theoretical response analysis conducted by applying unbalanced mass at the extending disk end. This paper presents an analysis method of the critical characteristics of a double support rotor system with the extending disk end and provides reference value for dealing with vibration fault of double support rotor system with the extending disk end.
Introduction
The vibration problems of the rotor system within rotating machinery are an important safety issue in engineering. With the development of industry, more complex rotor structure and higher operating parameters (high rotational speed, large flow rate, high operating pressure, etc.) will bring more challenges for the vibration problems of rotor system. Since Jeffcott discovered the phenomenon that rotor will automatically center after exceeding the critical state in 1919 which laid the foundation of the theory of rotating machinery operating in high rotational speed [1] , the research of vibration problem evolves and matures continually. The research of dynamic characteristics of rotor system [2, 3] , dynamic balancing technology [4] , and vibration control [5] which were involved in the vibration issue also gets continuous improvement and development in the modeling, calculation methods, technology, and so on. In addition to the study of rotor structure, the bearing-based rotor dynamics research is also the main field of the study. The effects of different structure parameters [6] , operating parameters [7] , and oil parameters [8] of the bearing on the vibration characteristics of the rotor are obvious, and this research provides the basis for the analysis and processing of current vibration problem. Although the relevant theory tends to be matured and there are specific researches [6] about the impacts of bearing support characteristics on the dynamic characteristics of shaft, the impact of different types of bearing on the rotor's vibration characteristics is still not very clear. Related research is rare due to the restriction of some conditions.
In this paper, the dynamic characteristics of a double support rotor with extending disk end in a Top Gas Recovery Turbine Unit (TRT) is analyzed and tested to study the impacts of bearing on vibration characteristics of rotor. and bearing seat, the relationship between node force and node displacement is established, combining the equation of motion of each unit. Finally, the motion differential equation of system with the node displacement as generalized coordinates can be obtained. Thus converting the problem into a rotor vibration problem with finite degree of freedom, the critical speed of the rotor can be obtained by solving a set of linear algebraic equations [9] . For a rotor system with N nodes which consists of − 1 shaft segments, the equations of motion of the rotor system can be obtained by integrating the equations of motion of each disc and shaft segment. It can be written as TRT is a typical double support rotor system with extended discs whose impeller and hub are located between the two bearings, The free end is fitted with a gear plate for turning the rotor at start-up. The rotor model is shown in Figure 1 . In this paper, the commercial software DyRoBes is used to establish the TRT rotor dynamic model, and the structural components such as gimbal, tachometer disc, and gear plate, are substituted by the equivalent stiffness of the shaft. As for the blade, it is replaced by additional mass because of its uniform distribution on the spindle.
Theoretical Analysis of the Dynamics of
TRT Rotor-Bearing System 3.1. Four-Lobe Bearing-Rotor Dynamics. The working speed of the TRT is 3000 r⋅min −1 and its original bearing is four-lobe bearing. The structural parameters and operating parameters of the bearing are shown in Table 1 .
The results of eigenvalue analysis of four-lobe bearingrotor system are shown in Figure 2 . As can be seen from Figure 2 , the response in the middle and the extending end (free end) of the rotor is greater than other positions. According to the rules of typical vibration mode of double support rotor system in API617 and engineering experiences, it is enough to do the unbalance response analysis which is applied to the middle position for the expander. However, it is necessary to apply unbalanced mass at the cantilever end for response analysis. The results are shown in Figures 3(a) and 3(b).
The bode charts of the two bearings of the rotor which can be obtained by applying unbalance of 14.93 kg⋅mm at the middle of the rotor are shown in Figure 3 respectively, the NDEs (nondriving end) are 3420 r⋅min
and 3300 r⋅min −1 , respectively, and the avoidance rate is above 11% to meet the design requirements. There is a vibration peak in horizontal direction at 3000 r⋅min −1 which coincides with the working speed.
The bode charts of the two bearings of the rotor which can be obtained by applying unbalance of 14.93 kg⋅mm at the cantilever end of the rotor are shown in Figure 3 (b). It can be seen from the figure that the horizontal and vertical critical speed of the DE-bearing and NDE-bearing of the fourlobe bearing-rotor system are 3000 r⋅min −1 and 4500 r⋅min −1 , respectively.
Cylindrical Bearing-Rotor Dynamics.
After systematically analysis of the various structures and parameters of tilting pad bearing, elliptical bearing, and cylindrical journal bearing, it can be found that the response characteristics of the rotor system supported by cylindrical bearing are the best. The structural parameters of the cylindrical bearing are shown in Table 2 . The results which can be obtained by applying eigenvalue analysis and unbalanced response analysis to the rotor system supported by cylindrical bearing are shown in Figures 4 and 5 , respectively. It can be seen from Figure 4 that the first-order modal shows the firstorder bending vibration, and the second-order mode is taper. Similarly, the response analyses with unbalanced mass applied in the middle and the extending end of rotor are carried out, respectively. It can be seen from Figure 5 (a) that the horizontal and vertical critical speed in the DE-bearing are 3420 r⋅min −1 and 3300 r⋅min −1 , respectively; the NDEbearings are 3420 r⋅min −1 and 3300 r⋅min −1 , respectively; the avoidance rate is above 16% to meet the design requirements. From Figure 5 (b), it can be seen that the horizontal and vertical critical speed of the DE-bearing are 4000 r⋅min −1 which is the same as the NDE-bearings. For the cylindrical bearing, the process of acceleration is stable and there is no vibration peak existing near the working speed and the magnification factor is smaller, which makes the characteristics of the rotor system supported by cylindrical bearing better. 
Experimental Study on the Effects of Different Bearings on Rotor Vibration

Test Rig.
The test of this paper is for a real energy recovery turbine unit, and it was carried out by conducting a trial run in a table driven by a 3200 kW motor. Through the variable speed fluid coupling and gearbox, the power is transmitted to the TRT device to realize the control of speed and force. Each device including TRT, gear case, and motor carries out bearing pad temperature monitoring and shaft's vibration monitoring. At the same time, the inlet and outlet temperature of lubricating oil are tested and these monitoring data are fed back to the control platform by converting into electrical signals. The specific test system is no longer detailed. The test object of this paper is a TRT unit and the vibration of rotor supported by four-lobe bearing and cylindrical bearing is tested separately. The temperature of the bearing and the temperature of the lubricating oil at the inlet and outlet will not be presented in this paper. The bearing temperature test rig and the installation of vibration and speed probe are shown in Figure 6 ; the physical photos of two kinds of bearings are shown in Figure 7 ; the parameters of the bearing are shown in Tables 1 and 2 .
Results of Vibration Test.
The vibration tests of four-lobe bearing and cylindrical bearing are carried out, respectively, under the condition of speed-up, operation, and shutdown.
The test results are shown in Figures 8-10 . Figure 8 shows the vibrational trend of the rotor supported by four-lobe bearings, Figure 9 shows the vibrational trend of the rotor supported by cylindrical bearings, and Figure 10 shows the comparison of these two types of bearings operating at the same speed.
It can be seen from Figure 8 that the vibration at the DE of the rotor supported by the four-lobe bearings is stable. The amplitude is maintained at about 13 m, but there is a vibration catastrophe at 2660 r⋅min −1 . However the amplitude at the NDE increases as the speed increases and reaches the maximum which is nearly 30 m at 3000 r⋅min −1 . Besides, there is a vibration peak at the speed of 2240 r⋅min −1 . As for the cylindrical bearing, it can be seen from Figure 9 that the vibrational trend of the DE-bearing is stable, and the amplitude is maintained at about 10 m. However the amplitude at DE increases as the speed increases and reaches the maximum which is nearly 30 m at 3000 r⋅min −1 . Comparing with the four-lobe bearing, there is no vibration catastrophe of the rotor supported by cylindrical bearing in the process of acceleration and deceleration.
From Figure 10 , it can be seen that the vibration characteristics of the rotor supported by cylindrical bearing are better than four-lobe bearing at the driving end (DE) and nondriving end (NDE). The amplitude at NDE supported by the circular bearing is 10.5 m lower than that supported by the four-lobe bearing at the same speed, while the amplitude at DE is less than 8 m. than four-lobe bearing. The amplitude at the NDE of rotor supported by both of these types of bearing increases as the speed increases, while the amplitude at the DE remains unchanged. Comparing with the theoretical analysis, it can be found that the actual test results of the double supports rotor system with extending disc are more in agreement with theoretical analysis conducted by applying unbalance at the extending end. Besides, there is a vibration catastrophe of the four-lobe bearing-rotor system at the NDE when the speed reaches 2240 r⋅min −1 . It should be caused by the low frequency eddies (approximately half of the critical speed which is 4500 r⋅min −1 ), while the vibration catastrophe of the test results of 2# probe at DE when the speed is 2660 r⋅min The bearing affects the critical characteristics of the rotor. For a double support bearing-rotor system with an extending end, if the vibration of cantilever end is severe after applying eigenvalue analysis, it is necessary to conduct the unbalance response analysis of the cantilever end and dynamic balance treatment even though the unit is expander and its rotor is stubby.
Analysis on Test
At the working speed of 3000 r⋅min −1 , the amplitude at NDE is about 20 m larger than the value at DE, which indicates that there is residual unbalance in the gear disc at the NDE. 
Conclusion
(1) This paper studies the impacts of cylindrical bearing and four-lobe bearing on the vibration of rotor system combining theoretical analysis and experimental analysis. The result shows that different bearing types have effects on the critical characteristics of rotor system, and the vibration of rotor supported by cylindrical bearing is more stable than four-lobe bearing.
The test results are in good agreement with theoretical analysis.
(2) For a double support bearing-rotor system with an extending end, if the vibration of cantilever end is severe after applying eigenvalue analysis, the unbalance response analysis of the cantilever end and dynamic balance treatment are necessary to conduct.
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